The neonate is exposed to the maternal vaginal microbiota during parturition, providing the primary source for normal gut colonization, host immune maturation, and metabolism. These early interactions between the host and microbiota occur during a critical window of neurodevelopment, suggesting early life as an important period of cross talk between the developing gut and brain. Because perturbations in the prenatal environment such as maternal stress increase neurodevelopmental disease risk, disruptions to the vaginal ecosystem could be a contributing factor in significant and long-term consequences for the offspring. Therefore, to examine the hypothesis that changes in the vaginal microbiome are associated with effects on the offspring gut microbiota and on the developing brain, we used genomic, proteomic and metabolomic technologies to examine outcomes in our mouse model of early prenatal stress. Multivariate modeling identified broad proteomic changes to the maternal vaginal environment that influence offspring microbiota composition and metabolic processes essential for normal neurodevelopment. Maternal stress altered proteins related to vaginal immunity and abundance of Lactobacillus, the prominent taxa in the maternal vagina. Loss of maternal vaginal Lactobacillus resulted in decreased transmission of this bacterium to offspring. Further, altered microbiota composition in the neonate gut corresponded with changes in metabolite profiles involved in energy balance, and with region-and sex-specific disruptions of amino acid profiles in the developing brain. Taken together, these results identify the vaginal microbiota as a novel factor by which maternal stress may contribute to reprogramming of the developing brain that may predispose individuals to neurodevelopmental disorders. (Endocrinology 156: 3265-3276, 2015) D uring parturition, the neonate is first exposed to a complex microbial milieu while passing through the birth canal. These microbiota colonize the neonate gut and assist in a wide variety of critical functions, including host immune maturation, metabolism, as well as extraction and availability of substrates necessary for growth (1-5). Disruptions to the vaginal ecosystem via perturbations in the prenatal environment, such as by maternal stress, could have significant and long-term consequences for the offspring (6 -8). Gastrointestinal dysfunction and dysbiosis of gut microbes has been associated with exacerbated behavioral symptoms and severity in children with autism spectrum disorders, consistent with studies in rodent models showing that a normal gut microbiota can influence brain development and behavior (9 -18). Although stress during pregnancy may disrupt the normal composition of the vagina, the potential involvement of these changes in the microbiome in neurodevelopmental reprogramming has not been considered (8, 19 -22). Abbreviations: AA, amino acid; ADP, adenonine diphosphate; DAVID, Database for Visualization and Integrative Discovery; E, embryonic day; EPS, early prenatal stress; GTP, Guanosine-5Ј-triphosphate; MSEA, metabolite set enrichment analysis; NADϩ, Nicotinamide adenine dinucleotide; OPLS-DA, orthogonal partial least squares discriminant analysis; PN, postnatal day; PVN, paraventricular nucleus of the hypothalamus; PvThal, paraventricular nucleus of the thalamus; UDP, uridine diphosphate.
D
uring parturition, the neonate is first exposed to a complex microbial milieu while passing through the birth canal. These microbiota colonize the neonate gut and assist in a wide variety of critical functions, including host immune maturation, metabolism, as well as extraction and availability of substrates necessary for growth (1) (2) (3) (4) (5) . Disruptions to the vaginal ecosystem via perturbations in the prenatal environment, such as by maternal stress, could have significant and long-term consequences for the offspring (6 -8) . Gastrointestinal dysfunction and dysbiosis of gut microbes has been associated with exacerbated behavioral symptoms and severity in children with autism spectrum disorders, consistent with studies in rodent models showing that a normal gut microbiota can influence brain development and behavior (9 -18) . Although stress during pregnancy may disrupt the normal composition of the vagina, the potential involvement of these changes in the microbiome in neurodevelopmental reprogramming has not been considered (8, 19 -22) . Further, as the timing of neonate gut colonization over-laps with a critical period of neurodevelopment, shifts in composition of the colonizing microbiota due to maternal stress could impact nutrient metabolism and availability in the neonate (6) .
The bacterial communities that dominate colonization of the newborn gut are limited to a consortium of taxa that closely resemble the maternal vaginal microbiota, such as Lactobacillus, Prevotella, and Snethia species (23, 24) . Environmental factors including antenatal antibiotic exposure, mode of delivery, and stress can alter colonization of Lactobacillus in the neonate gut, with lasting consequences on immune function, metabolism, and behavior (25) (26) (27) (28) (29) (30) (31) (32) . These results are in line with emerging evidence that maternal loss of vaginal commensal bacteria parallel similar patterns in the offspring gut, although the impact of these environmental factors, such as stress, on maternal-offspring microbial transmission and downstream offspring consequences has not been examined (33) (34) (35) . Because the developing brain exhibits a substantially high metabolic demand during this period, microbial colonization may be poised to influence the efficiency of nutrient extraction and availability, further impacting accessibility of circulating energy substrate (18, 36 -38) . Impaired availability or transport of substrates such as amino acids (AAs) into the brain can influence specific regions undergoing maturation during this critical developmental window and further mediate disease risk (39) .
Therefore, to examine the potential contribution of changes in the maternal vaginal microbiota in offspring programming effects from maternal stress, we used our established mouse model of early prenatal stress (EPS), in which male, but not female, offspring demonstrate significant neurodevelopmental changes in hypothalamic and limbic circuits and in regulation of stress responsivity, cognitive dysfunction, and postpubertal growth (40 -46) . Because perturbations such as maternal stress increase neurodevelopmental disease risk, disruptions to the composition of the vaginal ecosystem could be a contributing factor in significant and long-term consequences for the offspring (47) (48) (49) . Specifically, we hypothesize that maternal stress alters vaginal microbiota composition, and the vertical transmission of this dysbiotic community may promote distinct bacterial colonization patterns in the offspring gut, impairing the metabolism, availability and use of nutrients necessary for normal neurodevelopment in a sex-specific manner. To examine this, the maternal vaginal and neonate gut microbiota, in addition to neonate colon, plasma, and brain were examined using genomic, proteomic and metabolomic technologies. These outcomes were then coupled with multivariate modeling to identify programmatic changes resulting from maternal stress. Time series proteome profiling was made between the end of stress (embryonic d [E]7.5) and postpartum (postnatal d [PN]2) periods to assess long-term impacts of stress on the vaginal environment. In the neonate, offspring sex was included as a factor to discern between outcomes that correlate with programming of the EPS phenotype, which we have reported is only detected in male offspring (40 -46) . Because neurodevelopmental disorders have strong sex biases, including 4:1 males:females in autism spectrum disorders, identification of such sex differences in mechanisms related to brain development are of critical importance.
Materials and Methods

Experimental animals
Male C57BL/6J and female 129S1/SvImJ mice were obtained from The Jackson Laboratory and subsequently used as breeding stock to produce C57BL/6J:129S1/SvImJ hybrids (F1 hybrids). A total of F1 hybrid breeding pairs (n ϭ 44) were used for these studies, and females were checked daily at 7 AM for copulation plugs. Dams were housed under a 12-hour light, 12-hour dark photoperiod with a standard chow diet (28.1% protein, 59.8% carbohydrate, and 12.1% fat; Purina Rodent Chow) and ad libitum access to water. Noon on the day that the plug was observed was considered to be E0.5. Samples from one male and one female per litter were used for all subsequent analysis. All experiments were approved by the University of Pennsylvania Institutional Animal Care and Use Committee and performed in accordance with National Institutes of Health Animal Care and Use Guidelines.
Early prenatal stress
Administration of chronic variable stress was performed as previously described (40 -46) . Dams were randomly assigned to treatment groups to receive stress during days 1-7 of gestation (EPS; n ϭ 21) or to a control (n ϭ 23) nonstressed group. After confirmation of a copulation plug, pregnant mice assigned to the EPS group experienced each of the next stressors on different days: 60 minutes of fox odor exposure (1:5000, 2,4,5-trimethylthiazole; Acros Organics), 15 minutes of restraint (beginning at 1 PM) in a modified 50-mL conical tube, 36 hours of constant light, novel noise (White Noise/Nature Sound-Sleep Machine; Brookstone) overnight, 3 cage changes throughout the light cycle, saturated bedding (700 mL, 23°C water) overnight, and novel object (8 marbles of similar shape and color) exposure overnight. Stressors were selected to be nonhabituating and did not induce pain or directly influence maternal food intake, weight gain, behavior, litter size, or sex ratio (40 -46) .
Tissue collection
For assessing relationship between maternal and pup gut Lactobacillus, vaginal lavages (n ϭ 8 stress and 13 control females) were obtained by triturating 125 L of sterile saline in the vagina of the dam 2 days postpartum (PN2). Maternal vaginal lavage samples were collected at PN2 as lavage collection near the time of parturition would not only prematurely induce delivery, but may also alter the composition of microbiota to which offspring are exposed within the birth canal, thereby confounding the effect of stress on the maternal vaginal microbiota and subsequent neonate colonization. Maternal fecal pellets were collected at the same time point. Samples were snap frozen in liquid nitrogen and stored at Ϫ80°C until ready for analysis.
Vaginal proteomics
Temporal effects of EPS on vaginal mucosal function were assessed in a separate cohort (n ϭ 5-6 females per treatment and time point). Vaginal lavage samples were collected at E7.5 and PN2 after the procedures as mentioned above. For proteomics analysis, 25 L of vaginal lavage sample was denatured with dithiothreitol and protein was precipitated with a 4:1 acetone: water solution. Vaginal protein extracts were trypsin digested and analyzed using liquid chromatography-mass spectrometry methods to determine AA sequences. These sequences were then used to infer protein counts using Scaffold 3.0 (Proteome Software), which were then normalized to median per sample count, and then these values were used for subsequent analyses.
Colon and plasma metabolomics
PN2 distal colon (n ϭ 5-6 per sex and treatment) was removed and snap frozen in liquid nitrogen and stored at Ϫ80°C until ready for analysis. PN2 trunk blood (n ϭ 6 -7 per sex and treatment) was collected at time of killing, centrifuged at 5000g at 4°C for 10 minutes and plasma was aspirated. Proteins were removed from the distal colon and plasma samples by precipitation. Subsequently, water soluble metabolites were extracted from colon and plasma with a dual methanol and 40:40:20 methanol:acetonitrile:water extraction methods. Fatty acid metabolites were extracted from plasma and colon using an ethyl-acetate extraction method. Both water-soluble and fatty acid extracts were sent to the University of Pennsylvania Diabetes Research Center Metabolomics Core for analysis using standard liquid chromatography-mass spectrometry methods and compared with a background profile of mass/charge ratios of known metabolites, as previously described (50, 51) .
Brain AA HPLC analysis
PN2 brains (n ϭ 8 per sex and treatment) were cryosectioned at Ϫ20°C. Using a 0.75 mm in diameter hollow needle (Ted Pella, Inc), brain regions were micropunched according to the atlas of the developing mouse brain as follows: paraventricular nucleus, 2 successive from 2 250-m slices ϩ3.27 mm to ϩ3.75 mm anterior to bregma, atlas figures 64 -68; paraventricular thalamus, 2 successive punches from 2 300-m slices ϩ3.15 mm to ϩ3.39 mm, atlas figures 63-65; dorsal hippocampus, bilateral punches from 2 successive 300 m slices from ϩ3.39 mm to ϩ3.87 mm anterior to bregma, atlas figures 65-69. PN2 hippocampus, Paraventricular nucleus of the thalamus-enriched (PvThal), and paraventricular nucleus of the hypothalamus (PVN)-enriched punches (n ϭ 6 per sex/treatment/region) were plunged into a 0.5-mL tube, snap frozen in liquid nitrogen, and stored at Ϫ80°C until ready for analysis. The concentration of AAs was determined by the University of Pennsylvania Children Hospital Metabolomic Core using an Agilent 1260 Infinity LC system, using precolumn derivatization with o-phthalaldehyde, as previously described (52).
C-section surgeries
Donor and foster females (n ϭ 5-10 females per group) were time-mated, and 24 hours before expected delivery (E18.5), vaginal fluid was collected from donor dams with 200 L of sterile saline and the entire contents of the pipette were expelled into the tube, which remained at room temperature until neonatal gavage. Immediately after vaginal lavaging, cesarean deliveries of offspring were conducted under sterile conditions according to established protocols with modifications (53, 54) . See Supplemental Materials and Methods.
Quantitative PCR
Extraction of genomic 16S rRNA from maternal vaginal lavage, maternal fecal pellet, and offspring distal gut was processed using the PSP Spin Stool DNA kit manufacturers protocol for difficult to lyse bacteria (Stratec Biomedical). Quantification of total bacteria count is as previously described (55) . Previously published 16S rDNA-targeted primers were used for the identification and detection of bacteria. Supplemental Table 1 shows the genus-specific primers used for quantification of relative abundance in maternal vaginal lavage, maternal fecal pellets, and offspring colon. Samples were run in technical triplicates with a critical threshold standard deviation cut-off set at 0.5, and calculated relative bacterial abundance was normalized to total bacteria. See Supplemental Materials and Methods.
Statistical analysis
Given the high degree of interrelatedness of molecules detected in proteomics and metabolomics, multivariate statistical methods were chosen over more traditional univariate statistical approaches (56 -60) . Multivariate modeling was conducted in SIMCA-Pϩ (UMETRICS). Significance of these proteins or metabolites identified by multivariate modeling was verified using univariate statistical testing, with a P Ͻ .05. Gene Ontology (GO) enrichment analysis was conducted using proteins identified by multivariate modeling using the Function Annotation Chart using only Gene Ontology Biological Process "fat" terms in the Database for Visualization and Integrative Discovery (DA-VID) (61) . Selection criterion included more than or equal to 3 differentially altered proteins within a Gene Ontology Biological Process term and P Ͻ .05. PN2 plasma and colon metabolite set enrichment analysis (MSEA) was performed using MetaboAnalyst, a web-based analytical pipeline for high-throughput metabolomics studies (62, 63) . ANOVA, t tests, and Tukey's Honest Significant Difference post hoc comparisons for group-level contrasts were performed within the R environment (version 2.14.2) using Bonferroni corrected ␣ to control for multiple comparisons. GraphPad Prism version 5.02 (GraphPad Software) was used to create figures. Data are presented as mean Ϯ SEM. See Supplemental Materials and Methods.
Results
Stress during pregnancy produces long-term effects on the vaginal mucosal environment
To establish the long-term impact of stress on the vaginal mucosal environment, pregnant dams were exposed to chronic variable stress or not during the first week of press.endocrine.org/journal/endopregnancy (E1-E7). Vaginal samples were collected from the same control or stressed dams either immediately after stress exposure (E7.5) or in the early postpartum period (PN2). By proteomics, a total of 375 unique proteins were extracted for each sample at E7.5 and PN2. Hierarchical clustering analysis revealed transient shifts in protein profiles across pregnancy that interacted with stress ( Figure  1A ). To determine whether stress during the first week of pregnancy results in distinct proteomic signatures, multivariate models were constructed. Orthogonal partial least squares discriminant analysis (OPLS-DA) showed clear separation between protein profiles at E7.5 vs PN2, confirming dynamic shifts in the vaginal mucosal protein profiles across pregnancy (Q 2 ) (cumulative) ϭ 0.664, total amount of variance explained in the x matrix (R 2 X) (cumulative) ϭ 0.238, and total amount of variance explained in the y matrix (R 2 Y) (cumulative) ϭ 0.974 (P[CV-ANOVA] ϭ 0.000996) ( Figure 1B ). According to this multivariate model, 39 proteins were down-regulated and 6 proteins were up-regulated at PN2 relative to E7.5 ( Figure 1C and Supplemental Dataset 1). To determine whether these proteins clustered to distinct pathways, overrepresentation analysis using Gene Ontology terms were performed, and revealed significant associations with cytoskeletal organization and assembly ( Figure 1D and Supplemental Dataset 2).
Further, the protein profiles at E7.5 projected toward a common central area in the first model, indicating that the protein profiles of control and stress females at E7.5 are relatively undifferentiated ( Figure 1B) . A subsequent OPLS-DA model confirmed no significant separation between control and stress females at E7.5, although subsequent univariate analysis adjusted for multiple comparisons revealed that stress significantly reduced levels of lactoferrin (t(14) ϭ 4.604, P ϭ .0004) ( Supplemental Figure 1) . In contrast, the significant spread along the orthogonal component (y axis) at PN2 indicated that another variable unrelated to time is contributing to this variance ( Figure 1B ). Modeling by OPLS-DA revealed clear separation between stress and control females at PN2 ( Figure 1E ). Stress exposure elevated 29 proteins while simultaneously decreasing 34 proteins relative to control Early pregnancy stress altered protein content of the maternal vaginal mucosal environment measured by proteomics assessment. A, Heat map of vaginal proteins with significantly different abundance levels between control and stress-exposed females at E7.5 and PN2, demonstrating changes in protein profiles across pregnancy and exposure to stress. B, OPLS-DA score plots showing significant separation of vaginal protein profiles at E7.5 (n ϭ 10) vs PN2 (n ϭ 11), indicating that the vaginal proteome was significantly different at these 2 time points. C, Volcano plot of vaginal proteins demonstrating the contribution that each protein made to the differences between time points. Highlighted in red are proteins with VIP scores above 1 and considered to be strong contributors to group separation, showing that most proteins are downregulated at PN2 relative to E7.5. VIP, Variable Importance in the Projection. D, Differentially abundant proteins identified by volcano plots grouped into functional annotation categories using DAVID functional clustering tools, indicating that differentially abundant proteins cluster to pathways related to cytoskeletal reorganization. E, OPLS-DA scores plot showing clear separation between control (n ϭ 6) and stress (n ϭ 5) groups at PN2, suggesting that stress drives distinct vaginal protein profiles at this time. F, Volcano plot of vaginal proteins demonstrating the contribution that each protein makes to the differences between control and stress dams. Highlighted in red are proteins with VIP scores above 1 and considered to be strong contributors to group separation, showing 45 proteins differentially regulated by stress at PN2. G, Proteins differentially regulated by stress were grouped into functional annotation categories using the DAVID clustering tool. Negative DAVID enrichment scores correspond to significantly enriched pathways by proteins decreased by stress, whereas positive DAVID enrichment scores correspond to significantly enriched pathways by proteins increased by stress.
females ( Figure 1F and Supplemental Dataset 3). To determine whether these proteins clustered to distinct biological pathways, overrepresentation analysis using GO terms was performed and revealed significant involvement with altered defense response, response to wounding, leukocyte migration, and immune effector processes ( Figure  1G and Supplemental Dataset 4).
Stress during pregnancy is associated with disruption of maternal vaginal and offspring gut microbiota composition
Because alterations in vaginal barrier defense and innate immune function are associated with dysbiosis to the vaginal microbiota, we next determined whether stress altered Lactobacillus abundance, the prominent taxa of the vaginal microbiota, using a quantitative PCR strategy.
Vaginal Lactobacillus abundance was decreased in dams exposed to stress relative to control dams (t(15) ϭ 1.880, P ϭ .0398) (Figure 2A ). To confirm that the suppression of vaginal Lactobacillus abundance was not related to effects of stress on the total bacterial load colonizing the vagina at PN2, we used a quantitative PCR strategy based on a small amplicon of 16S rRNA gene (55) . The microbial census in stress and control dams showed no significant differences in bacterial counts in control and EPS females (t(30) ϭ 0.54, P ϭ .595) ( Figure 2B ), indicating that loss of Lactobacillus may be associated with outgrowth by other microbiota.
To determine the effect of EPS on neonatal gut bacterial composition, genomic DNA was extracted from the distal colon of EPS and control male and female offspring at PN2. Lactobacillus abundance in the distal colon was decreased in EPS-exposed offspring (F 1,36 ϭ 5.29, P ϭ .027), an effect that was independent of sex (F 1,36 ϭ 0.082, P ϭ .77) ( Figure 2C ). Similar to their mothers, depletion of Lactobacillus was not related to differences in the total bacterial load colonized the offspring gut (P ϭ .8, P ϭ.58, and P ϭ.51 for the main effect of EPS, sex, and sex ϫ EPS interaction, respectively) ( Figure 2D ). Correlation analysis revealed that maternal vaginal Lactobacillus abundance was positively correlated with offspring's distal gut Lactobacillus abundance (r 2 ϭ 0.74, P Ͻ .0001) ( Figure  2E ), whereas comparison of maternal fecal Lactobacillus levels with offspring's distal gut Lactobacillus levels revealed no significant relationship (r 2 ϭ 0.028, P ϭ .28) ( Figure 2F) .
To assess the impact of EPS on more broad changes in neonate gut microbial composition, 8 genus level 16S rRNA-targeted primers of selected intestinal bacteria were measured by quantitative polymerase chain reaction. The bacterial genera measured include Bacteroides, Bifidobacterium, Clostridium, Lactobacillus, Prevotella, Ruminococcous, Streptococcus, and Veilonolla (primer sequences are listed in Supplemental Table 1 ). Bacterial profiles reveal distinct microbial patterns in the PN2 distal gut that were dependent on sex and EPS exposure ( Figure 2G ). For example, relative abundance of strict anaerobes Bacteroides and Clostridium in EPS males were increased compared with control males (18.3% vs 4.4% and 17.4% vs 9.3%, respectively), and the distal colon pattern of EPS males more closely resembled that of control females than control males ( Figure 2H ).
To confirm that offspring gut bacterial count is directly influenced by vertical transmission of maternal vaginal microbiota, we compared PN2 microbial census from a separate cohort of vaginally delivered offspring with offspring delivered by cesarean that were inoculated with maternal vaginal fluid. Total bacterial load was significantly decreased in noninoculated C-section offspring compared with vaginally delivered offspring (t(9) ϭ 5.238, P ϭ .0005) ( Figure 2G ). Total bacterial load between vaginally delivered and inoculated C-section offspring were similar, indicating that inoculation with maternal vaginal fluid recovered total bacterial count in offspring born by cesarean (P Ͼ .05) ( Figure 2G ).
EPS altered offspring gut microbial and host metabolism
To relate alterations in neonate gut microbiota composition to programmatic effects of EPS on metabolic function, we conducted global metabolomics profiling of distal colonic contents and plasma of PN2 offspring. We identified a total of 87 water-soluble metabolites and 44 fatty acids, and 112 water-soluble metabolites and 30 fatty acids in the PN2 distal colon and plasma, respectively. To determine whether EPS exposure results in distinct metabolite profiles in the distal colon and plasma, we performed similar supervised multivariate analyses detailed above. Because no effect of sex, EPS, or its interaction was observed for fatty acids in either the distal colon or plasma, these data were excluded from subsequent analysis.
To determine whether EPS exposure resulted in distinct metabolite signatures in PN2 offspring, a series of multivariate models were constructed. Modeling by OPLS-DA revealed that colonic metabolite profiles clustered according treatment with clear separation among EPS and control offspring (R Figure 3A ). This EPS-associated metabolite signature in the colon was driven by 18 metabolites, of which 12 were decreased and 6 were elevated in EPS offspring (Supplemental Dataset 5). To determine whether any processes or pathways were overrepresented by the altered press.endocrine.org/journal/endometabolites, we performed a MSEA in MetaboAnalyst (62, 63) . Pathways involved in RNA transcription, the urea cycle, glycolysis, gluconeogenesis, and the glucosealanine cycle were significantly overrepresented in the metabolite signature associated with EPS (Supplemental Dataset 6 and Supplemental Figure 2 ). Of these colon Figure 2 . Stress early in pregnancy altered maternal Lactobacillus transmission to offspring and more broadly disrupted neonate gut microbiota composition. A, Vaginal Lactobacillus abundance at PN2 was significantly decreased in dams exposed to EPS (n ϭ 8) compared with control dams (n ϭ 13). B, No difference in overall PN2 vaginal microbial census was noted. C, Comparison of Lactobacillus abundance in the PN2 neonate gut from control (n ϭ 13) and offspring exposed to EPS (n ϭ 8). Asterisks indicate a main effect of treatment by univariate analysis. D, No difference in PN2 neonate gut microbial census was noted. E, Maternal vaginal Lactobacillus levels were significantly positively correlated with neonate distal gut Lactobacillus levels. Solid line signifies the best-fit line from a linear regression, and the dotted lines signify the 95% confidence interval (CI) for that best fit line. F, No relationship was noted between the maternal fecal Lactobacillus and offspring gut Lactobacillus levels. G, Disrupting transmission of maternal vaginal microbiota by cesarean delivery significantly reduced total bacterial count in the PN2 neonate gut, whereas seeding cesarean delivered offspring with maternal vaginal fluid recovered total bacterial count compared with VD offspring. VD, vaginally delivered; CS, non-inoculated cesarean delivered; CSI, inoculated CS (n ϭ 4 -5 offspring/mode of delivery). Asterisks indicate a significant difference between CS offspring and all other groups determined by univariate analysis. H, Effect of EPS on selected bacterial genera in the PN2 neonate gut. In control offspring, a clear sex difference in microbiota composition was noted, whereas EPS disrupted microbiota composition disrupted this sex difference with male EPS offspring showing increased colonization by strict anaerobes and a microbiota profile more similar to control females (n ϭ 8 per sex and treatment). *, P Ͻ .05.
metabolites identified by multivariate modeling, propionylcarnitine, isovalerylcarnitine, xanthosine, adenosine diphosphate, creatine, glycerophosphocholine, 4-pyridoxic acid, riboflavin, and the microbial cometabolites indolelactic acid and hippuric acid were significantly different in EPS offspring relative to control offspring (univariate P Ͻ .05) ( Figure 3B Figure  3C ). This EPS-associated plasma metabolite signature was driven by 29 metabolites, of which 6 metabolites were increased and 23 metabolites were decreased relative to control offspring (Supplemental Dataset 7 and Supplemental Figure 2 ). MSEA revealed that these metabolites are involved in RNA transcription, glutamate metabolism, nucleotide sugars metabolism, the urea cycle, glycolysis, gluconeogenesis, starch and sucrose metabolism, mi- Figure 3 . Stress alterations in neonate microbiota correlate with changes in colon and plasma metabolites as measured by metabolomics assessment. A, OPLS-DA plots showed clear separation between control (n ϭ 10) and EPS (n ϭ 11) offspring, indicating that EPS exposures resulted in distinct colon metabolite profiles already at PN2. B, Colon metabolites that were significantly increased or decreased in EPS offspring relative to controls were clustered into metabolic pathways identified by MSEA. Dotted lines signify mean value of control offspring. C, OPLS-DA plots showed clear separation between control (n ϭ 14) and EPS (n ϭ 12) offspring, indicating that EPS exposure resulted in distinct plasma metabolite profiles already at PN2. D, Plasma metabolites that were significantly increased or decreased in EPS offspring relative to controls clustered into metabolic pathways identified by MSEA. doi: 10.1210/en.2015-1177 press.endocrine.org/journal/endotochondrial electron transport chain, ammonia recycling, insulin signaling, malate-aspartate shuttle, citric acid cycle, and glutathione metabolism (Supplemental Dataset 8 and Supplemental Figure 2 ). Of these plasma metabolites identified by multivariate modeling, glutathione disulfide, nicotinamide adenine diphosphate (NADϩ), adenosine diphosphate (ADP), malic acid, succinic acid, ␣-ketoglutarate, glutamate, Uridine diphosphate (UDP)-N-acetylglucosamine, UDP-D-glucose, UDP-glucuronate, pantothenic acid, guanosine-5Ј-triphosphate, taurine, N-acetylaspartate, imidazoleacetic acid, and carnitine were significantly different in EPS offspring relative to control offspring (univariate P Ͻ .05) ( Figure 3D ). Although no multivariate models using sex and EPS as class variables were significant, univariate analysis adjusted for multiple comparisons revealed a significant sex ϫ treatment interaction for plasma histidine (F 1,20 ϭ 7.362, P ϭ .013).
EPS altered AA availability in the developing brain
Because the developing brain comprises a significant component of the total nutritional and metabolic demand on the host, we determined whether EPS disruption of peripheral metabolism influences substrate availability in the developing brain. To identify region-specific metabolic signatures in the developing brain associated with EPS, we compared AA profiles in the PVN, PvThal and hippocampus of male and female PN2 offspring using HPLC. OPLS-DA models revealed that the PVT, PVN, and hippocampus exhibit distinct AA profiles ( Figure 4A ), indicating that these regions may already exhibit metabolically differentiated states already at PN2.
Owing to the small number of AAs detected by HPLC within each brain region at this early age, multivariate models were not able to detect treatment or sex differences. As a result, univariate analyses adjusting for multiple comparisons were used to determine the effect of EPS and sex on AA concentrations in the developing hippocampus, PvThal, and PVN (Supplemental Figures 3-5) .
In the PVN, a region dysregulated in our model of EPS, there was a main effect of sex for histidine (F 1,18 ϭ 8.346, P ϭ .0098), citrate (F 1,18 ϭ 5.298, P ϭ .034), aspartate (F 1,18 ϭ 9.717, P ϭ .006), serine (F 1,18 ϭ 8.993, P ϭ .008), asparagine (F 1,18 ϭ 9.298, P ϭ .0069), histidine (F 1,18 ϭ 6.338, P ϭ .022), glutamine (F 1,18 ϭ 7.892, P ϭ .012), glutamate (F 1,18 ϭ 6.483, P ϭ .02), and glycine (F 1,18 ϭ 9.182, P ϭ .007) (Supplemental Figure 3) . Post hoc analysis revealed that concentrations of these AA's were lower in the EPS male PVN relative to EPS female PVN (P Ͻ .05) ( Figure 4B and C). In addition, PVN glycine concentration was lower in EPS males relative to control males (P Ͻ .05). After applying Bonferroni correction for multiple comparisons, there was no effect of sex, treatment, or its interaction on AA concentration in the PvThal (Supplemental Figure 4 ). In the hippocampus, there was a main effect of EPS on concentrations of glycine (F 1,20 ϭ 17.48, P ϭ .0004), threonine (F 1,20 ϭ 13.18, P ϭ .0018), and arginine (F 1,20 ϭ 13.46, P ϭ .0015) (Supplemental Figure 5) . No other comparisons were significant.
Discussion
Maternal stress has been identified as a significant contributor in the etiology of offspring stress dysregulation, a pervasive symptom across neuropsychiatric disorders (64, 65) . Vertical transmission of maternal microbiota and the In accordance with changes in gut and plasma metabolites, EPS altered free AA levels in the PN2 brain in a region-and sex-specific manner. A, OPLS-DA scores plots showed significant brain region-specific differences in AA profiles of the hippocampus (Hpc), PvThal, and the PVN at PN2. B and C, AA differences with Log2 fold change in the PVN demonstrating that EPS altered the PVN AA profile in a sex-dependent manner. Stressed males (B) displayed down-regulation compared with control males, whereas stressed females (C) were more likely to display upregulation of AAs compared with control females.
subsequent bacterial assembly of the neonate gut overlap with a critical period of neurodevelopment (8, 66) . Therefore, the ability of maternal stress to alter the composition of colonizing microbiota may ultimately have negative downstream effects on immunologic, nutritional, and metabolic function in the neonate. Because the developing brain exhibits a substantially high metabolic demand during this critical window, colonization of a dysbiotic microbial community may influence efficiency of nutrient metabolism and the availability of circulating energy substrates necessary for normal development (6 -8, 37, 39) .
To determine whether stress during early pregnancy disrupts the vaginal mucosal ecosystem, vaginal proteomic profiles were compared at E7.5 of pregnancy and again at PN2 postpartum. As would be expected, the overall vaginal proteomic composition dramatically shifted throughout pregnancy. At E7.5, we found an increased abundance of proteins that function as structural constituents of the cytoskeleton involved in the regulation of endometrium development and maintenance of placental implantation during pregnancy (67) . Although maternal stress did not broadly disrupt vaginal proteomic composition, the antimicrobial protein lactoferrin was dramatically reduced after stress and remained low throughout pregnancy. A reduction in lactoferrin has been associated with a global reduction in the bactericidal efficiency of neutrophils, suggesting that lactoferrin depletion in the vaginal mucosa in females exposed to stress may serve as a catalyst of dysregulation of vaginal immune function (68) . Consistent with this, the impact of stress was most striking at PN2 with disruption in vaginal proteins involved in mobilizing defense and immune responses. Along with lactoferrin, these proteins are constituents of neutrophil granules with potent antimicrobial capacity that contribute to the protection of epithelial cells, and are involved in the maintenance of commensal bacteria in the vagina, including for Lactobacillus (69, 70) . Further, as predicted, stress during pregnancy suppressed the abundance of Lactobacillus, an effect that was independent of total microbial abundance. Taken together, these results are consistent with previous studies in pregnant women showing that stress experience suppresses the vaginal immune response and induce microbial dysbiosis (71) .
To evaluate the impact of maternal stress on microbiota transmission, we similarly assessed offspring gut Lactobacillus at PN2. Indeed, Lactobacillus abundance was reduced in the gut of offspring exposed to EPS relative to control offspring. These results are consistent with the previously reported reduction of Lactobacillus abundance in infant rhesus macaques exposed to prenatal stress, although the contribution of stress-induced changes to maternal Lactobacillus was not considered (31) . Our results now demonstrate that stress-induced suppression of maternal Lactobacillus is correlated with altered Lactobacillus abundance in the neonate gut. Moreover, this depletion in EPS offspring was consistent with broad microbial compositional differences. Comparison of microbiota composition at the genus level revealed sex-specific changes, where EPS males exhibited a profile more similar to control females, and EPS females showed a profile more similar to control males. Depletion of the facultative anaerobe Lactobacillus corresponded to a sex-specific enrichment of strict anaerobes such as Clostridium and Bacteroides in EPS males, but not in EPS females. These results are intriguing in light of recent studies demonstrating sex differences in the gut microbiome modulating immune function and disease risk, and warrant further consideration as to the importance of sex differences in microbiota composition early in life on host metabolism and neurodevelopment (72, 73) .
In order to confirm that total bacteria colonizing the offspring gut is directly influenced by vertical transmission of maternal vaginal microbiota in mice, we compared the microbial census from offspring delivered vaginally with offspring delivered by cesarean that were either seeded within minutes of delivery with maternal vaginal fluid or left unmanipulated. Cesarean delivery was associated with a reduction in total bacterial counts, consistent with previous mode-of-delivery studies in rodents and humans (23, 74) . Remarkably, seeding cesarean delivered offspring with maternal vaginal fluid within minutes of delivery rescued the microbial abundance in the offspring gut. These findings confirm that the correlation between maternal vaginal and pup gut microbiota in EPS exposed mice is driven in part by microbial exposure during parturition.
To determine the potential metabolic consequences of an altered gut microbiome after EPS exposure, we examined metabolite composition in the neonatal colon and plasma using metabolomic profiling. Because the community structure of the colonizing microbiota plays a key role in the host metabolome, we hypothesized that EPS changes to the gut microbe composition, such as enrichment of strict anaerobes in EPS offspring, would be associated with altered metabolite profiles in EPS neonates (75) . Indeed, combined multivariate modeling and metabolite set enrichment analyses revealed that EPS exposure altered both gut microbial and host metabolism. Specifically, EPS altered levels of indolelactic acid, a microbial cometabolite that is produced as a result of AA and tryptophan metabolism by a variety of gut bacterial species such as Candida and Bifidobacterium, although the mechanistic relevance of increased indolelactic acid levels on brain development and stress dysregulation is currently doi: 10.1210/en. press.endocrine.org/journal/endounknown (76, 77) . Further, EPS altered hippuric acid levels, consistent with previous studies demonstrating an association between hippuric acid dysregulation and neuropsychiatric disorders including autism spectrum disorders and depression (78, 79) . The metabolite sets enriched in the distal colon and plasma of EPS offspring suggest significant reprogramming of pathways related to energy homeostasis, most notably metabolites involved in gluconeogenesis and glycolysis. The PN2 plasma exhibited distinct metabolic profiles in EPS exposed offspring, including alterations in metabolites involved in nutrient metabolism, oxidative stress regulation, and mitochondrial function, metabolic processes that have been previously implicated with increased neuropsychiatric disease risk (80 -83) . Together, these results suggest that the composition of the early colonizing microbiota may exert a significant impact on metabolism and provide a novel mode of transmission by which EPS may influence developmental outcomes.
To determine whether these peripheral metabolic changes related to energy balance and AA metabolism influence the metabolic programming of the developing brain, we measured free AA profiles of the developing PVN, hippocampus, and PvThal, brain regions important in central stress axis regulation and, and where we have previously demonstrated changes in gene expression in our EPS male mice (40 -46) . The postpartum window of development is a time of increased capillary transport of AAs into the brain where they provide the necessary substrate for rapid cerebral protein formation (84 -88) . Consistent with this, we found by proteomics assessment that EPS produced brain region and sex-specific changes in AA profiles. Specifically, levels of serine, histidine, asparagine, glutamine, glutamate, and glycine were significantly reduced in EPS males, but not EPS females. This appeared to be specific to the PVN, as similar sex-specific effects of EPS were not detected in either the hippocampus or PvThal. Because the developing hypothalamus is relatively accessible to circulating factors and readily responds to peripheral metabolic signals, this may provide a mechanism whereby changes in gut microbiota composition and peripheral metabolism would have a region-specific effect on central stress axis regulation (84, 85) . Sex-specific changes in AA availability may also exert downstream effects on a variety of processes in the developing brain, including metabolism, neurotransmission, and synaptic plasticity (89) . In addition, these results support our previous studies demonstrating an effect of EPS in the hypothalamus that correlate with longterm and sex-specific effects on growth, metabolism, and stress dysregulation (42, 43, 45, 46) .
Vertical transmission of maternal microbiota to offspring is an important factor in mediating disease risk and resilience. Although the impact of maternal stress on neurodevelopment likely involves complex mechanisms at multiple levels, the current study examined the correlation of the maternal vaginal microbiota and subsequent colonization of the neonate gut as an important contributing factor in prenatal stress programming (47) (48) (49) . As a first step in defining this model, the current studies identified complex associations between the maternal vaginal and offspring gut microbiome, and the altered peripheral and central metabolite profiles in EPS offspring, many of which were sex-specific. Future studies will now need to focus on further defining the mechanisms of these associations, and producing studies in which causality can be demonstrated between the neonate microbiome and the developing brain.
